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A B S T R A C T   

Seaweed is often touted as a blue economy resource with climate benefits. Several calls are made to scale the 
industry up and to use blue carbon financing to create additional incentives for the sector to expand. But how 
much of a climate crisis panacea is seaweed, and under which conditions can climate benefits be realized? The 
article reviews the literature on climate impacts from seaweed value chains and proposes a cradle-to-grave 
structure for carbon accounting in seaweed value chains. While the literature points towards several ways in 
which climate benefits can be generated, the evidence base for net negative emissions across the value chain is 
not robust enough to suggest seaweed value chains, by default, are a climate solution. Instead, climate effects 
depend on the specific production setup, product choice and the fate of the product on the market. Climate 
benefits can only be claimed by tracking blue carbon flows across whole life cycles and over time. Knowledge 
gaps relate to effects at sea, the role of temporarily locking carbon into products and the effects of introducing 
this resource to the market. Blue carbon financing should be directed only to setups proven to lead to additional 
and permanent carbon storage.   

1. Introduction 

The bioeconomy will play an important role in transitions away from 
fossil dependence, supporting society with renewable biological mate
rials from land and sea. One such underexploited source of biological 
material is seaweed (macroalgae), suitable for producing materials, 
food, feed, energy and fertilizer, complementing land-based biomass 
production but circumventing certain detrimental effects on the envi
ronment (Bruckner et al., 2019) and even showing potential for 
reversing planetary boundary transgressions (Calahan et al., 2018). 
Seaweed cultivation is part of a rising tide of blue-growth activities in 
Western countries, and it is hoped that it will increasingly contribute to 
the blue-green bioeconomy (Araújo et al., 2021; Vincent et al., 2020). 
Seaweed aquaculture is also associated with a range of positive effects 
on ecosystem services (Hasselström et al., 2018) such as the potential to 
recover nitrogen and phosphorus and mitigating coastal eutrophication 
(Sinha et al., 2022; Thomas et al., 2022a). Economically, the industry 
shows potential (Hasselström et al., 2020), and the scalability of pro
duction is high (Araújo et al., 2021; Vincent et al., 2020). Exceeding 30 
million tons annually, the global supply of cultivated seaweed today 
primarily originates in Asia (FAO, 2020), while outside of Asia it is 

mostly sourced from the harvesting of wild stocks. However, in view of 
the proposed European Green deal and of the UN Decade for Ocean 
Science for Sustainable Development, a global drive to develop un
tapped marine resources will likely see the mariculture of seaweed as 
well as wild harvests grow rapidly in the coming years. In Europe, for 
instance, the number of algae producers has increased by 150% during 
the last decade (Araújo et al., 2021). Globally, the production of farmed 
aquatic plants has grown on average 8% per year between 1990 and 
2016 (FAO, 2014, 2018). 

A recent report from UN Global Compact (2021) states: “Seaweed is 
arguably one of the most scalable nature-based solutions, offering possibilities 
for both decarbonizing the economy and sequestering carbon from the surface 
of the ocean” (p.9), and recommends further expansion of seaweed 
cultivation and increased investment into seaweed-based products. The 
report also recommends the use of “Blue carbon payment systems to be put 
in place to remunerate seaweed farmers for the carbon sequestration services 
they provide” (p.15), and businesses to “Accurately and effectively 
communicate the climate benefits, with consistent messaging that presents the 
various options seaweed can provide to mitigate climate change” (p.15). 
Duarte et al. (2021) put similar emphasis on both the development of 
market mechanisms for compensating seaweed farmers for climate 

* Corresponding author. 
E-mail address: plh@kth.se (L. Hasselström).  

Contents lists available at ScienceDirect 

Cleaner Environmental Systems 

journal homepage: www.journals.elsevier.com/cleaner-environmental-systems 

https://doi.org/10.1016/j.cesys.2022.100093 
Received 24 February 2022; Received in revised form 1 August 2022; Accepted 18 August 2022   

mailto:plh@kth.se
www.sciencedirect.com/science/journal/26667894
https://www.journals.elsevier.com/cleaner-environmental-systems
https://doi.org/10.1016/j.cesys.2022.100093
https://doi.org/10.1016/j.cesys.2022.100093
https://doi.org/10.1016/j.cesys.2022.100093
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cesys.2022.100093&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Cleaner Environmental Systems 6 (2022) 100093

2

services and on the need to develop evidence for the performance in 
seaweed-based carbon sequestration. Given the ongoing expansion of 
the seaweed industry and the drive for seaweed-based climate change 
mitigation, it is urgent to establish a solid scientific platform on which to 
lean when building our future policies and financial systems. 

The climate benefits of seaweed have been the subject of a range of 
studies, albeit with varying perspectives, boundaries and time horizons. 
Several rationales are highlighted, such as carbon being sequestered in 
the biomass (Chung et al., 2011, 2013) or sediments (Duarte et al., 
2017), the possibility to substitute fossil energy sources (Duarte et al., 
2017; Sondak et al., 2017) or other products such as feed and fertilizer 
(Seghetta et al., 2016, 2017), climate adaptation benefits such as 
shoreline protection or pH regulation (Duarte et al., 2017), and 
use-related climate benefits such as lowering methane emissions from 
cattle when used as feed (Vijn et al., 2020). Conversely, another argu
ment is that biogenic carbon will eventually be released again upon 
product use (Hasselström et al., 2018; Sondak et al., 2017). The range of 
rationales across these studies leads to diverging take-home messages 
about the climate benefits of seaweed products, even though as a whole, 
and compared to other similar products like blue foods (Gephart et al., 
2021), seaweed are largely considered to be a low impact or clean 
biomass. A recent study by Troell et al. (2022) reports that a majority of 
these studies include formulations suggesting that seaweed farming se
questers carbon, though many do not refer to or are ambiguous with 
regards to contributions to long-term carbon sinks and associated 
climate benefits. Other recent studies have also being casting doubt on 
the climate benefits of both seaweed farming (Dolliver & O’Connor, 
2022) and of seaweed ecosystems (Gallagher et al., 2022). 

The unsettled status and sometimes too imprecisely formulated ar
guments in the literature on climate benefits from seaweed is prob
lematic in terms of credibility, for investors and consumers seeking to 
make informed choices, and for policy making, for example relating to 
the development of blue carbon mechanisms (Douvere, 2021; Gordon 
et al., 2011). For these mechanisms to be effective, additional clarifi
cation is needed regarding the perspectives from which they develop 
benefits. Currently, given the complexity involved when evaluating the 
climate impact of seaweed value chains, existing evidence seems 
insufficient relative to the popular perception of seaweed as a possible 
climate crisis panacea. 

Mirroring debates of climate benefits in other bioeconomy fields 
such as forestry and bioenergy (Cowie et al., 2021), future discussions of 
climate benefits of the seaweed sector are likely to be long, technical and 
in many ways challenging. Such discourse would be a natural and 
welcome progression as the seaweed industry continues to expand. 
Debates about system boundaries, i.e. the delimitations in perspectives, 
processes and dynamics included in an analysis will be in the center of 
discussions. These can have a large effect on results and their in
terpretations (Geng et al., 2017; Klein et al., 2015). 

Adding to the growing body of literature on the potential climate 
benefits of the seaweed sector, this article highlights the need for a 
systems perspective while providing an overview of the current state of 
knowledge concerning carbon uptake, storage and emissions of seaweed 
product systems, also utilizing conceptual guidance from literature on 
other bioeconomy sectors (e.g. forestry). The aim of the review is to 
support future quantitative analysis with a more holistic structure for 
accounting, to clarify current conceptual debates and to identify 
understudied areas of research. 

2. Life cycle carbon accounting for seaweed value chains 

Life cycle carbon accounting is a useful approach that provides a 
systems perspective to the climate performance of product systems, and 
which has been applied to other biomass types, e.g. the forestry sector 
(Alice-Guier et al., 2020; Cowie et al., 2021). This approach suggests the 
inclusion of the whole life cycle when assessing climate impacts, from 
cradle-to-grave. Delimiting the system to cradle-to-gate, gate-to-gate or 

gate-to-grave implies that the overall effects on atmospheric greenhouse 
gas concentrations and associated climate effects may be misrepresented 
(Tanzer and Ramírez, 2019). While boundaries such as these are prac
tical or necessary in many circumstances, for instance when comparing 
technologies that deliver a similar function, e.g. two seaweed farm rigs 
(Taelman et al., 2015; Van Oirschot et al., 2017), a cradle-to-grave 
perspective necessarily represents the bigger picture of climate im
pacts from seaweed value chains. 

Emissions and climate effects are estimated in different ways, either 
using LCA or focusing on particular life cycle stages. However, the 
literature taken together is beginning to form a more and more complete 
puzzle. While the life cycle for seaweed and its products looks different 
depending on processes, use, and destiny after use, life cycle carbon 
accounting for seaweed value chains could be based on the following 
sequence, as illustrated in Fig. 1. These steps intend to summarize ar
guments about climate impacts from the seaweed value chain brought 
up in the literature, formalizing these into a cradle-to-grave flowchart. 
Thomsen and Zhang (2020) present a framework in which the 
system-level carbon footprint is a result of (on the debit side) process 
emissions, and (on the credit side) assimilated emissions, avoided 
emissions from product substitution, and reduced emissions resulting 
from using a seaweed-based product. The sequence below continues 
adding to this framing, with additional emphasis on carbon being 
released upon end of life which may prevent climate benefits from 
assimilation, and on a few currently understudied or unsettled areas 
mentioned in the literature that arguably should be added to the 
discourse.  

1. At-sea processes with assimilation and other carbon dynamics. 
2. Supply chain processes associated with cultivation and harvest, lo

gistics and processes to produce products for the market.  
3. Use phase, including temporary carbon storage, possible substitution 

of other products with associated carbon emissions, and possible use- 
related climate benefits.  

4. Release or long-term storage of carbon at end-of-life, e.g. through 
incineration of materials, through wastewater, composting, landfill, 
etc., or possibly, cascading uses through reuse or recycling. 

2.1. At-sea processes 

Seaweed assimilates dissolved inorganic carbon (DIC) through 
photosynthesis (process 1a in Fig. 1), mostly as dissolved carbon dioxide 
(CO2) but also as bicarbonate (HCO3

− ), with assimilation estimates often 
being expressed per unit area per unit time (e.g. tons of carbon per acre 
and year). Estimating assimilation, however, can be tricky given the 
wide range of factors affecting photosynthesis and assimilation mea
surement - from fixed biogenic carbon and water content, to biomass 
yields and aquaculture site configurations. 

Dry weight, also referred to as dry matter or total solids, is commonly 
measured as a percent of wet weight. Carbon content, dry weight and 
biomass yields all vary from species to species, from year to year and 
across seasons (Schiener et al., 2015; Vilg et al., 2015), from place to 
place due to variations in environmental conditions like salinity (Nielsen 
et al., 2016), light or nutrient availability (Bruhn et al., 2016; Forbord 
et al., 2020) and as a result of different cultivation parameters such as 
degree of wave or current exposure (Mols-Mortensen et al., 2017), depth 
and timings of deployment and harvest (Sharma et al., 2018; Thomas 
et al., 2022b). Variations in carbon content and dry weight are sum
marized in Table 1 for the two most assessed species in literature – the 
commonly cultivated Saccharina latissima and the often wild-harvested 
Laminaria digitata – and also for generic red, brown and green algae 
groups. Most of these studies report on the variation of parameters of 
relevance to optimize cultivation or to target product development, and 
they are all geographically confined to Scandinavia and the North 
Atlantic region. 
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In addition, seaweed aquaculture yields (as typically expressed per 
meter of longline) also vary to a large degree due to site location, 
exposure and a range of other factors like when seedlings are deployed 
and when they are harvested (Forbord et al., 2020). Literature estimates 
for yields of Saccharina latissima per meter of longline cultivation suggest 
great variation between sites and setups, e.g ranging from 1 to 2 kg m− 1 

(Boderskov et al., 2021) or from 8 to 12 kg m− 1 (Thomas et al., 2021), to 
as high as 14 kg m− 1 (Forbord et al., 2020). Furthermore, these yields 
can be further amplified or reduced when expressed per unit area, ac
cording to the density of longlines (or droplines). 

Beyond carbon assimilation in the biomass, there are other aspects of 
seaweed metabolisms that may affect carbon fluxes and potentially 
climate benefits. Seaweeds are known to release a range of dissolved 
organic carbon (DOC) compounds in varying amounts, depending on 
factors including species (Abdullah and Fredriksen, 2004; Wada et al., 
2007) and environmental stress conditions such as desiccation (Paine 
et al., 2021). However, important uncertainties remain regarding the 
extent of DOC release, notably in terms of how much of this DOC is 
bioavailable and likely to be rapidly consumed back into DIC by 

microorganisms, and how much DOC is considered to be more resistant 
to remineralization, and thus enters the refractory DOC (rDOC) pool in 
sediments for long-term storage and associated climate benefits (Gal
lagher et al., 2021; Hill et al., 2015). These flows of carbon away from 
atmospheric circulation, from seaweed to carbon stocks in the deep 
ocean, are represented by arrow 1b in Fig. 1. This effect may be signif
icant at a planetary scale (Duarte and Cebrián, 1996; Krause-Jensen and 
Duarte, 2016). It may also exist for cultivated seaweed through falloff, 
break-off and erosion from the cultivated individuals (Zhang et al., 
2012), but likely to a smaller extent than for wild-growing seaweed as 
the majority of the biomass is harvested (Duarte et al., 2017). Recent 
progress using eDNA sequencing methods in marine sediment samples 
may lead to a more detailed understanding of wild and cultivated sea
weed’s contributions to blue carbon in the coming years (Anglès 
d’Auriac et al., 2021; Ortega et al., 2020). 

Another established knowledge gap is regarding the emissions of 
halocarbons from macroalgae (process 1c in Fig. 1). Halogenated com
pounds are produced as a response to biotic and abiotic stress (Mehrtens 
and Laturnus, 1997; Palmer et al., 2005). These gases can affect global 
biogeochemical cycles, cloud formation and the lifetime of other 
greenhouse gases (Leedham et al., 2013; Lovelock, 1975). The extent of 
this emission and possible differences between species and between wild 
and cultivated seaweed are yet not fully known. A recent review paper 
by Keng et al. (2020) highlights huge uncertainties in the current and 
future global halocarbon pool, notably emphasizing the importance of 
filling these knowledge gaps in the light of global environmental change 
and the expansion of seaweed aquaculture. 

Finally, there are numerous other positive and negative rebound 
climate effects that may be occurring as a result of seaweed farms and 
their use of sea space (process 1d in Fig. 1), for instance relating to the 
effects of benthic shading or on local biodiversity (Visch et al., 2020), or 
in terms of farm-drag related effects on currents and the uptake of nu
trients (Frieder et al., 2022) that might otherwise be available to 
wild-growing seaweed or to other species. The location of farms in 
naturally or anthropogenically nutrient-rich or -poor waters may affect 
how one can account for the climate benefits of these carbon fluxes: one 
could postulate that carbon assimilated by cultivated seaweed would 
otherwise have been assimilated or stored in other species or in sedi
ment, and thus only seaweed cultivated in anthropogenically nutrient 
rich waters may be accounted for as having additional climate benefits 
(i.e. assimilating carbon that otherwise would not have been assimi
lated). An understanding of the situation in the ecosystem in the absence 
of seaweed farming would be required to fully account for the effects of a 
seaweed farm. Similar complexities of carbon dynamics have been 
studied for forestry for a long time (see a recent overview in Cowie et al., 

Fig. 1. Processes to consider in life cycle carbon accounting for seaweed value chains.  

Table 1 
Mean values and min-max ranges of reported carbon and water content of 
seaweeds.   

Mean Min Max 

Carbon content (% of dry matter) 
Saccharina latissima1,2,4,5,7-10 31.6% 21.1% 41.4% 
Laminaria digitata7-9 34.7% 24.5% 39.0% 
Brown algae1,2,4,5,7-10 31.5% – – 
Red algae8 33.6% – – 
Green algae8 32.7% – – 
Water content (% of wet weight) 
Saccharina latissima1-9 82.5% 62.5% 93.2% 
Laminaria digitata7-9 77.0% 68.0% 84.5% 
Brown algae2-9 83.6% – – 
Red algae8 79.1% – – 
Green algae8 82.4% – –  

[1] Boderskov et al. (2016). 
[2] Bruhn et al. (2016). 
[3] Forbord et al. (2020). 
[4] Fossberg et al. (2018). 
[5] Handå et al. (2013). 
[6] Marinho et al. (2015). 
[7] Nielsen et al. (2016). 
[8] Olsson et al. (2020). 
[9] Schiener et al. (2015). 
[10] Sharma et al. (2018). 
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2021). More research is needed in relation to seaweed aquaculture, 
notably regarding the idea of cultivating and sinking seaweed to the 
seafloor for carbon storage (Froehlich et al., 2019), to obtain a clearer 
view of the effects of sea-use change on carbon dynamics and associated 
climate benefits. 

2.2. Supply chain processes 

If seaweed biomass is harvested for human use, the supply chain with 
harvesting, processing and distribution results in carbon emissions 
(process 2a in Fig. 1). These carbon emissions should also be thoroughly 
accounted for, and subtracted from the original assimilation before one 
can consider climate benefits. However, a wide-range of assumptions, 
system boundary delimitations and methods can affect emission ac
counting results in LCA (Brandão et al., 2019). Moreover, LCA is a 
modeling tool and is therefore subject to a host of uncertainties, notably 
regarding climate calculations of bioeconomy systems (Brandão et al., 
2022). LCAs of marine biomass production systems are a relatively 
young subfield in LCA and the method is still evolving, e.g. regarding 
suitable processes for aquaculture boats, ropes, anchors, etc. (Thomas 
et al., 2022a). 

Table 2 presents an overview of 12 seaweed product system LCAs 
published in the last decade, which specifically include climate impact 

categories. These studies are often motivated by different rationales 
reflected in the goal and scopes, focusing on exploring different pro
cessing methods or technologies, and different product potentials from 
seaweed (e.g. bioenergy, feed, materials, etc.). Furthermore, the 
ongoing state of innovation in the seaweed industry also affects life cycle 
inventories in the literature, for instance due to differences in opera
tional scales, processing methods, equipment used, logistics, infra
structure and energy supply. Some studies attempt to provide a full 
cradle-to-grave life cycle perspective on specific kelp products, such as 
Aitken et al. (2014) and Langlois et al. (2012) for biofuels, and Seghetta 
et al. (2017) for biofuels and feed, while other studies focus the 
cradle-to-farmgate provision of kelp as a bioresource for downstream 
processing and use (Taelman et al., 2015; Vijay Anand et al., 2018), and 
others still on specific gate-to-gate supply chain stages (Nishikawa et al., 
2018; Van Oirschot et al., 2017). 

The range of methodological approaches, system boundaries and 
functional units makes it challenging to extract robust and generalizable 
take-home messages from the body of literature, though a few can be 
identified. Cultivation infrastructure at sea is a particular impact hotspot 
noted in the literature (Langlois et al., 2012; Thomas et al., 2021) for 
which the inventory may vary due to different cultivation designs which 
are tailored to specific site exposure to currents, waves and storms. 
Ropes and buoys are highlighted as having a large share of the total 

Table 2 
Comparison of system products, functional units and system boundaries of 12 seaweed product system LCAs which include climate impact categories and that were 
published in the last 10 years. Compiled from information specified in publications (if not specified, n.s. is used).  

System product(s) Functional unit System boundaries 

Biogenic 
carbon 

Parent 
selection 

Hatchery Cultivation Harvest Processing Product 
use 

End 
of life 

Methane, sodium alginate, 
compost and liquid 
fertiliser1 

“A 1-km trip with a gas-powered car" 

Biogas, Bioethanol and 
fertiliser2 

“Cultivation and processing of 1 ton of 
dry seaweed biomass […] for biofuels 
production" 

Bioethanol, bioelectricity 
and fertiliser3 

“1 MJ of energy" 

Seaweed4 “Per MJex S. latissima" 
Fertiliser, bioethanol and 

fish feed ingredient5 
“1 ha of sea under cultivation" n.s. 

Compressed biomethane 
(CBG) and digestate6 

“1 MJ of CBG at the gate of the 
production plant” and per “kilometre 
driven in a vehicle under specific 
assumptions" 

n.s. 

Biogas, protein and 
digestate7 

“1 ha of offshore cultivation area" n.s. 

Dried seaweed8 “Dried seaweed with a protein content of 
1 ton" 

Bioethanol9 “1 kL of bioethanol" 
Gracilaria edulis seaweed 

extract (GSWE)10 
“1 kL (1 m3) of GSWE" n.s. n.s. 

Single-cell oil (SCO), 2-phe
nylethanol and protein 
yeast extract11 

“1 ton of refined SCO” 

Preserved seaweed, i.e. 
frozen, ensiled (+effluent) 
and dried12 

“1 ton of fresh harvested biomass" 

[1] Langlois et al. (2012). 
[2] Alvarado-Morales et al. (2013). 
[3] Aitken et al. (2014). 
[4] Taelman et al. (2015). 
[5] Seghetta et al. (2016). 
[6] Czyrnek-Delêtre et al. (2017). 
[7] Seghetta et al. (2017). 
[8] Van Oirschot et al. (2017). 
[9] Jung et al. (2017). 
[10] Vijay Anand et al. (2018). 
[11] Parsons et al. (2019). 
[12] Thomas et al. (2021). 
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greenhouse gas emissions across the supply chain, therefore the use of 
long-life ropes and their careful maintenance to increase longevity are 
suggested as ways to reduce total climate impacts. Emissions from the 
use of boat transportation, usually resulting from the combustion of 
diesel, are also identified in some studies as a particular hotspot of 
greenhouse gas emissions, which could partially be mitigated in the 
future by using lower emissions fuel alternatives such as biogas or even 
electric powered boats. Another notable emissions hotspot is the 
post-harvest processing and preservation of seaweed, e.g. by drying and 
freezing which are typically very energy or fossil fuel intensive. Total 
supply chain emissions largely depend on the target products and 
associated supply chain pathways, with seaweed for human consump
tion, for instance, being handled differently to seaweed for biofuel or 
biomaterials production. 

In summary, to credibly assert climate benefits resulting from 
seaweed supply chains, it is essential to fully and transparently account 
for the full life cycle of all supply chain inputs and outputs, and their 
associated emissions. The LCA approach can be time and resource 
consuming, and as a modeling tool suffers from inherent flaws and un
certainties (Brandão et al., 2022), however it leaves no stone unturned in 
providing an inclusive and reliable overview of supply chain impacts. 
Undertaking LCAs can be beneficial in highlighting impact hotspots and 
presenting opportunities for optimization of carbon performance of each 
studied supply chain. 

2.3. Use phase 

Seaweed-based products or by-products may substitute other prod
ucts (process 3a in Fig. 1), some of which may be fossil-based (e.g. fuel or 
fossil-based plastics), some of which are dependent on fossil input (e.g. 
processes in production of mineral fertilizer), and/or some of which are 
associated with other climate impact in the value chain (e.g. meat pro
duction and associated methane emissions). Climate benefits of such 
substitution have been highlighted previously in the literature (e.g. 
Chen et al., 2015; Sondak et al., 2017). Substitution may be accounted 
for in LCA by subtracting emissions avoided in a reference system from 
the net carbon footprint of the studied supply chain (Guinée, 2002; 
Tanzer and Ramírez, 2019). A recent amendment to ISO 14044 (2020) 
Life Cycle Assessment standards provided new guidance for the substi
tution procedure, although several aspects of these methods need 
additional clarification and development (Heijungs et al., 2021). Prac
tically, it may be difficult to know which other products are being 
substituted. Additionally, assuming 1:1 substitution, or any substitution 
at all, of an alternative product without considering the economic dy
namics is problematic. Displaced production is an effect of market 
mechanisms and not of physical characteristics of a product (Zink et al., 
2016). It is possible that lower-impact products are additions to rather 
than transitions from higher-impact products, as has been previously 
concluded for the energy market (York and Bell, 2019) and the food 
markets (Longo et al., 2019; York, 2021). The complexity in substitution 
has largely been ignored in the literature on climate effects from 
seaweed production and is likely to remain a conceptually challenging 
area. The transition away from our dependence on fossil fuels is unlikely 
to be possible without development of new lower-impact alternatives, 
among which seaweed may be an important source of raw material. 
However, the production of seaweed does not per se imply that the 
production of something else is being stopped. A continued discussion 
about how theoretical and actual substitution could be represented in 
carbon accounting and the design criteria for blue carbon financing 
would be welcome. 

Carbon storage in the biomass and in products is another source of 
uncertainty. Wild-growing, non-harvested seaweed represents a signif
icant carbon sink (Krause-Jensen and Duarte, 2016). When harvested for 
commercial purposes however, sequestered carbon is released upon use 
or upon end of product life unless bound into very long-lived products 
such as, perhaps, biochar, in which carbon may have a half-life in soil of 

several hundred to several thousand years (Jansson et al., 2010). Ap
plications such as food, feed and biofuel have very short lifespans, 
suggesting very short-termed storage. Production of biopolymers or 
other durable materials may imply longer lifespans where carbon will be 
taken out of atmospheric circulation (sequestered) for a prolonged 
period. From a carbon storage perspective, biobased materials are thus 
preferred to e.g. biofuel (van Renssen, 2014). Biopolymer production 
has been pointed out as a possible tool for carbon capture and utilization 
(CCU) (Bui et al., 2018). 

While having questionable long-term climate effects, temporary 
carbon storage (process 3b in Fig. 1) may play a role for mitigating 
climate change (Brandão et al., 2013; Jørgensen et al., 2015). Short-term 
reductions of greenhouse gas concentrations in the atmosphere may help 
in avoiding the exceeding of critical tipping points (Jørgensen et al., 
2015). This argument would be based on an assumption of reductions 
over time, or that society meanwhile can invest in climate adaptation so 
that we “can afford” emissions later on. Carbon storage may in principle 
be credited in relation to a specific accounting period beyond which 
impacts are not included (Clift and Brandão, 2008; Moura Costa, 2002). 
Several approaches are possible, each representing different viewpoints 
and approaches concerning time-preferences and assumptions made 
(Brandão et al., 2013). For example, the European Commission’s ILCD 
handbook (EC, 2010) suggests (with disclaimers on whether to account 
for this at all) a credit for stored or delayed emission by a linear model 
multiplying the amount of CO2 eq stored with the number of years of 
storage divided by 100, assuming a 100 year time period for the 
assessment. Hence, 100 tons of carbon stored for one year would be 
given a credit of 1 ton. Other methods differ, for example in differing the 
relative weight of shorter-term and longer-term storage or using 
different assessment periods (Brandão and Levasseur, 2011; Brandão 
et al., 2013). Nevertheless, there is no consensus in whether to, or in that 
case, which method to use when accounting for temporary storage 
(Brandão et al., 2019; Jørgensen and Hauschild, 2013). However, tem
porary carbon storage may become permanent or be similar to perma
nent storage through successive activities (Brandão et al., 2013). 

Beyond substitution and temporary storage of carbon, the use of 
seaweed may be associated with other climate benefits (process 3c in 
Fig. 1) (Duarte et al., 2017). For example, several studies have shown 
that adding seaweed to cattle feed contributes to lowering methane 
emissions from cattle production (Abbott et al., 2020; Kinley et al., 
2020). Additionally, the seaweed in situ before harvesting contributes to 
a range of climate adaptation benefits such as coastal protection (Mork, 
1996) and local mitigation of ocean acidification (Krause-Jensen et al., 
2015). While use-related climate benefits may represent an actual 
reduction of GHG emissions that could be accounted for, climate 
adaptation benefits are usually not included in carbon accounting. 

2.4. End of life emissions 

The way in which products are used has an important role in 
determining the next stage of product life cycles: how products are 
managed post-use (e.g. landfilled, recycled, composted, incinerated, 
etc.) and where biogenic carbon end up. The emissions from this final 
stage are commonly referred to in LCA as end-of-life (EoL) emissions 
(process 4a in Fig. 1). A wide range of factors affect these emissions, 
particularly local specificities, and it is difficult to generalize the effect of 
different treatments (Hou et al., 2018; Laurent et al., 2014). Further
more, the system boundaries and allocation procedures for EoL treat
ment can also be critical in the accounting of emissions of this stage, for 
instance regarding how to deal with energy demands of EoL treatment, 
and what to further assume as destinies for any residual materials 
(sewage sludge, ashes, etc.). The EoL treatment will also determine the 
sink (e.g. water, air) and the gas composition (CO2, CH4, etc.), which 
will in turn have consequences for the climate impact. 

A significant fraction of globally produced seaweed is consumed as 
food or food ingredients. In this case, it may be more interesting or 
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useful for the LCA system boundaries to be limited to the factory gate or 
supermarket shelf, and thus exclude EoL treatment and possible down
stream carbon dynamics in favour of comparability to other food 
products. However, to claim climate benefits resulting from carbon 
uptake at sea, that same biogenic carbon should end up in long term 
stores, i.e. be taken out of the carbon cycle for a longer time horizon 
(process 4b in Fig. 1). Long term storage could be achieved by either: a) 
prolonging the lifetime (e.g. durable materials or biochar), b) avoiding 
EoL by transitioning the material into a new product (re-, up- or 
downcycling), or c) through bioenergy with carbon capture and storage 
(BECCS) technologies upon EoL. 

3. Toward a science-based understanding 

The increasing interest in seaweed to provide food, feed, fertilizer 
and materials contributes to a growing body of literature. Studies related 
to climate effects have highlighted several different rationales for how 
seaweed value chains deliver climate benefits, but these benefits have 
also been questioned. Knowledge about particular processes, such as 
assimilation in growing biomass and emissions throughout the supply 
chain, is increasing. Furthermore, the literature relating to carbon ac
counting principles and challenges is increasingly delivering clarity and 
sharpness to the academic discourse. Given the current drive for inno
vation in engineering, production practices and product development 
for seaweed value chains, the need to apply the lessons from carbon 
accounting to seaweed is becoming increasingly interesting. As a start
ing point for accounting, Table 3 summarizes the processes to consider 
including. 

The overview given in this article suggests accounting for climate 
effects by first tracking biogenic carbon being assimilated in the har
vested biomass from cradle to grave, and then adding ancillary effects 
such as contributions to burying, halocarbons and effects of sea use 
change, product substitution, temporary storage and use-related climate 
benefits. A conceptual expression building on this structure could look 
as follows (Equation (1)):  

Net climate benefits = A - EEOL + CTemp + CB - EH ± X - ESC + CSub +

CUse                                                                                              (1) 

where the first three terms represent the flow of biogenic carbon through 
the value chain and the latter six represent effects at sea, supply chain 
emissions and use phase effects of substitution and use-related benefits 
(note that CLT according to definitions in Table 3 is equal to A-EEOL and 

should not be added as an own term as it would lead to double counting). 
Like other biomass value chains, seaweed assimilates carbon in the 

biological material, which is then in many cases released back to the 
atmosphere at a later life cycle stage, unless stored for longer periods in 
durable material. The use of the biobased product may or may not 
substitute other products, which may or may not be associated with 
greater emissions. Hence, much of the literature and discourse around 
other materials supporting the bioeconomy is relevant also for seaweed. 
Beyond these general patterns, a number of more specific issues affect 
the net carbon balance, not the least location and species, and choices in 
supply chain logistics, processing, type of product and treatment at end 
of life. In this context it is important, but sometimes forgotten, to 
distinguish between cultivated macroalgae, beachcast seaweed, floating 
macroalgae mats, seagrass beds and wild-growing macroalgae (e.g. kelp 
forests). The latter have undisputable climate benefits in situ, a fact 
which is relevant for decisions on biological conservation and restora
tion, but which is not very relevant for the study of industrial supply 
chains, and may not be transferable to cultivated algae. Moreover, a 
conclusion from the system-structuring enabled by this review is that 
significant climate benefits from seaweed-based product systems can be 
assumed only if carbon that is being assimilated by photosynthesis is 
taken out of circulation for a very long timespan or if the seaweed-based 
product is very successful in displacing a substitute product with high 
emissions. Since these factors are generally relevant across biobased 
value chains, more study is needed that compares seaweed-based value 
chains with those of other biobased materials. 

4. Practical implications 

These findings imply a number of practical implications. First, in
struments to credit negative emission, in light of the blue carbon 
financing agenda, should be used with care. More research is needed to 
give evidence to claims of negative emission, and particular care is 
needed if the biomass is harvested and used since assimilated carbon is 
likely to be emitted again further down the value chain. Knowledge gaps 
need to be approached urgently so that carbon offsetting projects can go 
ahead based on scientifically-sound, quantified bases. Second, it seems 
relevant to avoid treating seaweed differently to other biomass options 
when developing policy to support climate friendly raw material 
(although seaweed may be associated with other advantages of eco
nomic or environmental character). Third, producers should be careful 
and precise about statements on “carbon neutrality”, “carbon negative” 
production and associated climate benefits of seaweed-based products; 
and fourth, we should all make sure to pay attention to system bound
aries in the coming academic discussions on seaweed’s climate effects. 

Several currently unresolved issues need more attention. The at-sea 
processes remain a largely understudied area where only a few studies 
provide quantitative data on carbon flow changes. The effects on the 
local ecosystem and in turn on the carbon dynamics are likely to be 
location-specific, yet generalizable patterns may be found; for instance 
relating to the degree of limitation in nutrients, surrounding vegetation 
and depth. Just as land use and land use change is an issue for land-based 
production of biomass, we should increasingly study sea use and sea use 
change. Moving further downstream into the product life cycle, we need 
more assessments of supply chain emissions for different products and 
production setups, including logistics. We also need additional concep
tual development regarding the role of temporary carbon storage, and 
studies on the possibility of using seaweed-based products and by- 
products for more long-term storage. Use-related climate benefits need 
additional demonstration, and the effects of introducing seaweed-based 
products on the market, thereby potentially substituting other products, 
need additional problematization, where economic market dynamics 
are considered to a greater extent. Finally, as new publications shed light 
on these unresolved issues, fair and complete numerical comparisons 
will be required for each of these issues – each with their own specific 
delimitations, boundaries and assumptions – to settle and refine the 

Table 3 
Processes to consider including in carbon accounting.  

Process Variable 
name 

Definition 

1a Assimilation A Carbon assimilated in harvested biomass and 
following through supply chain 

1b Burying CB Credit for carbon buried at sea 
1c Halocarbons EH Halocarbons emitted from growing seaweed 

biomass 
1d Sea use change X The positive or negative climate effect of 

harvesting and/or cultivation activities 
through effects on surrounding 
biogeochemical cycles at sea 

2a Supply chain 
emissions 

ESC Emissions from supply chain operations 

3a Product 
substitution 

CSub Credit for substituting higher-impact product 
alternatives 

3b Temporary 
storage 

CTemp Credit for carbon stored in products, before 
end of the product life 

3c Use-related 
climate benefits 

CUse Credit for use-related climate benefits 

4a End of life 
emissions 

EEOL Emissions at end of life, e.g. from incineration, 
compost or landfill 

4b Long-term 
storage 

CLT Credit for post end of life storage  
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climate impact discourse for marine production systems. 

5. Conclusions 

Despite the abovementioned knowledge gaps, it seems evident that 
seaweed indeed has potential in the transition to a biobased economy, 
also complementing the highly pressured land-based production sys
tems. The literature suggests there are several ways of realizing climate 
benefits from seaweed value chains, although it may be difficult to have 
them all at once. This remark raises a broader question, namely what 
products we should strive for when utilizing seaweed biomass. A part of 
the answer is inevitably related to the economic performance of 
different products, but from a scientific point of view, it is interesting to 
consider the relative environmental benefits of different utilization op
tions for seaweed biomass. 

In summary, an exciting journey lies ahead for the seaweed sector. 
The sector has potential to contribute to climate change mitigation, 
though the evidence for this across the whole life cycle remains quite 
thin to date, especially relative to the hopes that are pinned upon it as a 
nature-based climate solution. There is an urgent need to further our 
understanding of seaweed-based value chains from a climate perspec
tive, and also to identify a mix of policy, entrepreneurship and technical 
development to catalyze climate-beneficial innovation. Promising 
pathways include substitution of fossil-based alternatives (e.g. bio
energy and biopolymers), emission reduction through gained efficiency 
(e.g. methane reductions by feeding cows certain seaweeds) and maxi
mizing duration of biogenic carbon storage in durable seaweed products 
(e.g. building materials). Finding ways of making commercial use of 
particularly valuable components in the biomass while locking up car
bon in more long-termed storage seems like a possible solution to 
explore. Other suggested pathways, such as cultivating and sinking 
seaweed offshore, may also have a role to play, but currently the sci
entific literature does not yet provide the evidence to claim permanent 
and additional climate benefits. This option may also be criticized as it 
effectively leads to throwing away (sinking) a valuable biomass which is 
costly to produce, so perhaps some value might be extracted (e.g. 
bioactive compounds, biomaterials or biostimulant) prior to sinking a 
carbon-rich waste-fraction. Bringing clarity to the complexities of 
seaweed product carbon flows, notably in the course of this UN Decade 
of Ocean Science for Sustainable Development, may enable the sector to 
evolve into an essential piece of the low-carbon and net zero futures 
puzzle. 
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